Introduction: Total tau (t-tau) and phosphorylated tau (p-tau) are abnormally elevated in the brain and cerebrospinal fluid of individuals with Alzheimer's disease (AD). Tau is also present in the salivary gland tissue and saliva, and salivary measures might produce an accurate, accessible, and inexpensive biomarker. Methods: Using unstimulated saliva and Western blot analysis, we quantified the p-tau/t-tau ratio at different phosphorylation sites. Results: We found that for one phosphorylation site, S396, p-tau/t-tau ratio was significantly elevated in patients with AD compared with normal elderly control subjects. The elevation in saliva, however, did not correlate with cerebrospinal fluid tau or with brain measures such as hippocampal volume. Discussion: There is significant elevation of p-tau/t-tau ratio for the S396 phosphorylation site. Large variation in the AD salivary tau levels, however, limits the utility of this test as a clinical biomarker.
Introduction
An ideal biomarker for Alzheimer's disease (AD) would be inexpensive, easily obtained, accurate, safe, and repeatable [1] . In cerebrospinal fluid (CSF), amyloid b1242 is reduced in AD, whereas total tau (t-tau) and phosphorylated tau (p-tau) are elevated [2, 3] . P-tau181 is the most studied phosphorylation site and often used in clinical studies [4] . Together, CSF amyloid b1242, t-tau, and p-tau181 can be used to identify AD with good accuracy; combined, these biomarkers have better diagnostic ability than each separately [4, 5] . Saliva has considerable advantages as an easily obtained biofluid. Shi et al [6] used mass spectrometry and highly sensitive Luminex assays to assess the level of salivary t-tau, p-tau, and amyloid b42 in AD. The researchers found that the p-tau/t-tau ratio was significantly higher in patients with AD than that in controls [6] . However, mass spectrometry is expensive, and the collection method was suboptimal [7] .
We hypothesized that salivary tau could be developed as a reliable and easily attainable clinical biomarker for AD. Our method of tau analysis, the Western blot, is less expensive than mass spectrometry and has the potential to be carried out in almost any laboratory [8] .
In the present study, we wished to determine if p-tau/t-tau ratio was abnormally elevated in the saliva of AD subjects compared with normal elderly control (NEC) subjects. We wished, in addition, to determine the sensitivity and specificity of salivary p-tau/t-tau as a biomarker for AD, and if salivary p-tau/t-tau was abnormally elevated in some subjects with mild cognitive impairment (MCI) [9, 10] . Not all MCI subjects will go on to develop AD, but a significant portion of them will, with a conversion rate to AD of about 10%-12% per year [11] . Therefore, if salivary tau was a good early marker, we would have expected a significant portion of MCI subjects to have similar profiles to AD subjects. We also wanted to determine if salivary p-tau/t-tau was abnormally elevated in frontotemporal dementia (FTD) subjects, a heterogenous clinical diagnostic group that includes some individuals with abnormal accumulation of tau (tauopathies) [12] .
We also investigated whether salivary tau correlated with indirect brain measures. Specifically, since it is known that in AD there is elevation in CSF p-tau/t-tau, we hypothesized that similar elevation in saliva would correlate with increases in CSF as well. Furthermore, it is known that the brain deposition of tau in AD occurs preferentially in the medial temporal region and correlates with hippocampal atrophy [13, 14] and degree of episodic memory impairment [14] [15] [16] . In early AD, neurofibrillary tangles (NFTs) and tau pathology are primarily in the medial temporal lobe (hippocampus, amygdala, and parahippocampal gyrus), an area associated with episodic memory [37] [38] [39] [40] . If salivary tau was a good reflection of brain tau pathology, we would anticipate a correlation between salivary tau and hippocampal volume and episodic memory scores (but not on tests of general cognitive function).
Materials and methods

Sample collection
All subjects gave informed consent. Collection was carried out in the morning whenever possible to control for possible diurnal variation of salivary tau. Unstimulated saliva was collected by having the subject spit one sample of 4 to 5 mL into a sterile 50 mL polypropylene tube.
Sample processing
The saliva was then transferred immediately to an identical tube with inhibitor cocktail already in it and kept on ice. The saliva was then put in Eppendorf Tubes and in a hot water bath (100 C) for 20 minutes, then centrifuged at 5000 rpm or 10,000 rpm for 10 minutes at 4 C. The supernatant of each tube was extracted, and all supernatants from one subject combined and vortexed in a 15 mL tube to create a homogenous sample. The sample was redistributed in 0.5 mL aliquots into 1.5 mL Eppendorf Tubes. The 0.5 mL aliquots were stored in 280 C freezer for later analysis. The tau-4 antibody was used to measure t-tau, and all t-tau measures reported in this article used this antibody. Phosphospecific antibodies targeting Thr  181 , Ser  396 , and Ser   404 and a combined antibody for Ser 400 /Thr 403 /Ser 404 were used for the analysis of phosphorylation levels at tau sites T181, S396, and S404 and a combination of sites S400, T403, and T404, respectively. The samples were analyzed for tau using Western blot, and we report in all cases p-tau/t-tau ratios at all sites. For brevity, we will refer to these measured ratio levels as T181, S396, and S404 and the combination S400, T403, and T404 site. For technical reasons, the analysis was carried out in two rounds, the first with 150 samples including AD, MCI, and NEC subjects and the second with 200 samples including AD, NEC, FTD, neurology, and young normal (YN) subjects.
Subjects
AD, MCI, and FTD patients were recruited from the Memory Clinic and Neurology clinics of the Jewish General Hospital in Montreal, a McGill University teaching hospital. Diagnoses were established by neurologists or geriatricians highly trained in the diagnosis of neurodegenerative diseases. Characteristics of probable AD include meeting the McKhann et al. [17] criteria for dementia, including significant cognitive impairment and symptoms sufficient to interfere with work or daily activities, a gradual onset of symptoms, with either deficits in learning and recall or language, visuospatial, or executive problems, and absence of other neurological diseases causing the symptoms [17] . Evidence of pathophysiological processes, such as NFTs or amyloid plaques, increases certainty of diagnosis [17] . A clinical diagnosis of MCI was made if the subject displayed subjective memory complaints, had normal activities of daily living and general cognitive function, demonstrated objective evidence of memory impairment on testing, and was not demented [10, 11, 17] . A diagnosis of FTD was made according to accepted current criteria [18] . FTD consists of a set of neurodegenerative diseases, which involve predominant degeneration of the frontal and temporal cortices [16] . Subjects with "mixed" pathology or a mixed AD/Parkinson's diagnosis were excluded. FTD diagnosis was supported by imaging results on magnetic resonance imaging and fluorodeoxyglucose positron emission tomography, and all subtypes (behavioral variant, aphasic variant, and mixed) were accepted. The NEC subjects, aged 60 years, were recruited by advertisement. They were screened with the Montreal Cognitive Assessment (MoCA) [19] . Subjects had to score 25 or higher to be included as a control [20] . As well, saliva was collected from healthy YN controls, aged 18-60 years, to determine any age-related difference in salivary tau levels. These volunteer subjects were recruited from clinics of the Jewish General Hospital. To better determine specificity, saliva was also collected from neurology patients with brain diseases not associated with abnormal tau, such as chronic stroke, epilepsy, and multiple sclerosis. These patients were recruited in the Jewish General Hospital Neurology clinics. The neurology patients were also administered the MoCA, or their score was obtained from their treating neurologist and only recruited if their MoCA score was greater than 25/30 to indicate normal cognitive function.
Although in stroke there is a transient increase in CSF tau, there is no chronic change in p-tau [22] . We recruited only subjects with chronic stroke and not acute (i.e., at least 3 months since the stroke).
Subject clinical and neuropsychological testing
Episodic memory tests and other neuropsychology tests [21] were carried out. The Logical Memory 2 score from the Wechsler Memory Scale (i.e., delayed memory on a paragraph recall test, maximum score 5 25) was obtained as a measure of episodic memory [23] [24] [25] , and the clock drawing test (maximum score 5 10) was obtained as a measure of general cognitive function [26, 27] . MoCA scores (maximum score 5 30) were also obtained.
CSF p-tau and t-tau levels were obtained from 12 individuals from among our study cohort undergoing a lumbar puncture for diagnostic purposes. The cerebrospinal (CSF) tau levels were evaluated by Athena Diagnostics, which uses enzyme-linked immunosorbent assay for analysis and the phosphorylation levels at T181 site as a measure of p-tau.
Hippocampal volumes were obtained from 12 subjects who had a magnetic resonance imaging carried out for another research project and consented to have their scans used for this study. Scans were analyzed through FreeSurfer software [28] to determine the volume of the left and right hippocampus, while accounting for intracranial capacity.
Statistical analysis
Kruskal-Wallis tests were used to determine differences in NEC, MCI, and AD of data from round one and in AD, NEC, neurology, and FTD, for round two data. MannWhitney U tests were used for pairwise contrasts with a Bonferroni-Holmes correction to correct for multiple comparisons. Mann-Whitney U tests were used to determine differences in p-tau/t-tau in YN compared with NEC subjects. Spearman correlations were used for salivary tau correlations with CSF tau, hippocampal volume, and neuropsychology scores. Statistical analysis was carried out using SPSS, version 20, and Prism. Values with P , .05 were considered significant, except for the Shapiro-Wilk test, where P , .05 indicates a nonnormal distribution.
Results
Round one results
There were two "batches" of samples analyzed, termed round one and round two. Individuals were included in only one batch. One hundred fifty subjects with AD, MCI, or NEC were assessed in the first round of analyses, but only 148 were analyzed. One subject was excluded due to a final diagnosis of "mixed pathology," and one NEC was excluded for not having a MoCA score in the acceptable range. Demographic information for round one data is listed in Table 1 . For this round, several of the Western blot analyses were rejected for technical problems, resulting in a reduced sample size for pS404.
The Shapiro-Wilk tests for normality suggested that the data did not conform to a normally distributed population, P , .05 for the data of each phosphorylation site. Data for each phosphorylation site (T181, S396, and S404 and the combination S400, T403, and T404 site) were therefore analyzed using nonparametric tests. We will always be presenting data in terms of ptau/t-tau ratios in all cases.
At all the phosphorylation sites tested, results followed a similar trend, with NEC having the lowest and AD having the highest median p-tau/t-tau levels (Fig. 1) . We excluded extreme outliers (three outliers at S396, two outliers at the combination S400, T403, S404, one outlier at T181, and two outliers at S404), whose p-tau/t-tau value exceeded 10 suggesting technical problems with the sample. With outliers excluded, a Mann-Whitney U test performed on the data revealed that AD subjects had significantly elevated p-tau/t-tau levels at three of the four phosphorylation sites tested, namely S396, S404 and the combination S400,T403, T404 site, U(45, 45) 5 768.00, U(19, 18) 5 95.00 U(46, 45) 5 780, respectively, P , .05 for all comparisons (Fig. 2) .
Round two results
Two hundred other subjects were included in the second round of analysis. Eight subjects were excluded because their t-tau levels were undetectable by Western blot, two subjects were excluded on receiving a final diagnosis not within criteria of any of the groups, and one sample was excluded due to the subject having given a saliva sample twice. A total of 189 saliva samples were analyzed in round two. Demographic data for subjects included in the analysis are shown in Table 2 .
Similar to round one data, the Shapiro-Wilk tests for normality suggested that the data from each site did not have a normally distributed population, P , .05 for the data of each phosphorylation site. Data for phosphorylation site(s) were therefore analyzed using nonparametric tests.
A two-tailed Kruskal-Wallis test was performed on the p-tau/t-tau ratio at S396. Data revealed a significant diagnostic group effect, Chi 2 (3) 5 12.973, P , .05 (Fig. 3) . Subsequent pairwise comparison tests, conducted using Mann-Whitney tests with a Bonferroni-Holmes correction, indicated that the median p-tau/t-tau ratio at S396 for both the AD and FTD groups were significantly increased compared with the NEC group, P ,.05 for each comparison. No other pairwise contrast was significant (P . .05 for all comparisons).
A two-tailed Kruskal-Wallis test performed on the p-tau/ t-tau ratio at S404 revealed a significant diagnostic group effect, Chi 2 (3) 5 15.900, P ,.05 (Fig. 4) . Subsequent pairwise comparison tests, conducted using Mann-Whitney tests with a Bonferroni-Holmes correction, indicated that the median p-tau/t-tau ratio level at S404 in the FTD group was significantly greater than the NEC group, P , .05. No other pairwise contrast was significant (P . .05 for all comparisons).
Sensitivity and specificity
We looked only at the AD and NEC groups to establish measures of sensitivity and specificity of salivary p-tau as a biomarker. Patients with AD had most significantly elevated p-tau/t-tau ratios compared with NEC at S396. Seventy-five percent of AD subjects demonstrated a ratio greater than a cutoff ratio measure of 0.96, whereas this was approximately the median level for NEC subjects (1.00). We examined AD and NEC groups of the round 2 data to establish measures of sensitivity and specificity in the standard fashion. Using a cutoff level of 1.0, the p-tau/ t-tau ratio at S396 had a sensitivity of 73% and specificity Fig. 2 . Round one data. Median p-tau/t-tau levels in AD (n 5 46 for S400, 403, 404, and T181, n 5 45 for S396, and n 5 19 for S404) and NEC (n 5 45 for S400, 403, 404, and S396, n 5 46 for T181, n 5 18 for S404) at each phosphorylation site, with outliers (.10 p-tau/t-tau level) excluded. Error bars 5 IQR. *PS , 0.05. Abbreviations: AD, Alzheimer's disease; NEC, normal elderly control; p-tau, phosphorylated tau; t-tau, total tau; IQR, interquartile range. of 50%. Using the same cutoff level, the p-tau/t-tau ratio at S404 had a sensitivity of 83% and a specificity of 30%.
Correlations and further analyses 3.4.1. Age and sex analysis
Given the significant difference in our AD and NEC subjects at S396 and S404, we compared p-tau/t-tau ratio levels of NEC (old normal) and YN subjects, at these two sites. Two-tailed Mann-Whitney U tests performed on the data at each site revealed that age group in cognitively normal individuals did not differentially influence either S404 levels, U (44, 76) 5 1542.000, or S396 levels, U (44, 76) 5 1413.000, P . .05 for all comparisons.
There was an unequal female to male ratio in our groups (Table 2) . A two-tailed Mann-Whitney U test performed on the data revealed that p-tau levels were not different in male vs. female sex at either S396 location, U (30, 14) 5 158.000, or S404 location, U (30, 14) 5 192.000, P . .05 for all comparisons.
CSF correlation
A Spearman correlation (n 5 12) showed CSF p-tau/t-tau ratio and salivary p-tau/t-tau ratio at T181 were not significantly correlated, r s 5 0.168 P . .05. Furthermore, CSF p-tau/t-tau and salivary p-tau/t-tau at sites S396 and S404 were not correlated, r s 5 0.357 and r s 5 0.070 respectively, P . .05 for all comparisons.
Hippocampal volume correlation
A Spearman correlation (n 5 12) showed that salivary p-tau/t-tau ratio at S396 was not significantly correlated with either left or right hippocampus volume, r s 5 20.413 and r s 5 20.483, respectively, P . .05 for each comparison.
Likewise, a Spearman correlation (n 5 12) showed that salivary p-tau/t-tau ratio at S404 was not significantly correlated with either left or right hippocampus volume, r s 5 0.049 and r s 5 20.133, respectively, P . .05 for each comparison.
Episodic memory scores
Spearman correlations for round one data showed that salivary p-tau/t-tau ratio at S396 (n 5
Discussion
Our analysis of salivary p-tau/t-tau ratio levels revealed a significant difference between AD subjects and cognitively healthy elderly subjects at S396, along with several other positions. There was no such elevation in young or old normal subjects or in subjects with other neurological diseases. There was also a significant increase in the p-tau/t-tau ratio in FTD subjects at the same site and at S404. The p-tau/t-tau ratio increase in AD subjects, however, did not correlate with direct or indirect brain damage measures reflecting ADnamely CSF tau levels and decreased hippocampal volume. Nor did it correlate with impairment on neuropsychology tests. Notably, at all the sites and in all diagnostics groups we considered, there was large variation in p-tau/t-tau levels. The relatively low sensitivity and specificity of p-tau/t-tau levels to distinguish AD and NEC reflects a variability which severely limits the utility of the test as a diagnostic biomarker for clinical use.
An unexplained finding was that only one (or two) out of the four sites examined showed a significant difference in p-tau/t-tau levels between AD and NEC. Surprisingly, T181, one of the most studied CSF phosphorylation sites, did not show a difference between the two groups. Furthermore, no significant correlation between the CSF p-tau/t-tau ratio (using T181) and salivary p-tau/t-tau was found. One possible reason that not all of our sites showed a significant difference is that some sites may simply be better peripheral markers than others. More information on upstream mechanisms that result in salivary p-tau is needed to help understand why some sites are better than others.
The most problematic finding for the use of this test as a biomarker was the variability in phosphorylation level of the AD group. This limited the sensitivity to no more than 83% and 73% at the most significant phosphorylation sites. A portion (approximately 1/3) of AD subjects did not have elevated p-tau/t-tau in their saliva. Although the overlaps and limited sensitivity limit the use of salivary tau as a biomarker, our findings do suggest that it represents a peripheral manifestation of AD. While not the first to find markers outside of the brain cavity, our study adds to the literature of peripheral manifestations of AD. Our findings and those of others question the notion of AD as strictly a disease of the brain. Several explanations for the variability of p-tau/t-tau ratio levels in AD and controls are worth considering. A small proportion of individuals clinically diagnosed as probable AD may lack tau pathology itself [29] . Another explanation may be that even for those AD subjects (the large majority) who showed elevated tau levels in the brain, a proportion of these individuals failed to express the tau peripherally in salivary gland tissue. Alternatively, it is possible that abnormal tau is present in most of the salivary tissue but secreted in saliva only in a subgroup of AD individuals. Finally, while we believe that we controlled for other technical issues related to saliva collection, there may have been unknown technical limitations which impaired our measurements nevertheless.
Despite an overall p-tau/t-tau ratio level that was lower in NEC than AD subjects, a high level was found in some of our NEC subjects. This resulted in a low specificity-50% and 30%, for the p-tau/t-tau ratio at pS396 and pS404, respectively. NFTs can be present in elderly subjects without dementia, although neocortical NFTs are mostly absent [30] [31] [32] . In our study, the elderly subjects recruited were volunteers, many having been previously involved in research, and had on average greater than 15 years of formal education. Therefore, they may have some capacity to compensate for accumulation of neurofibrillary pathology.
Further study is needed to determine the stability of salivary tau to assess its utility as a biomarker. There may be diurnal variation, although this is unproven. In our study, to minimize these potential effects, we collected saliva in the morning. Furthermore, future research would be needed to determine day to day variability of salivary tau in an individual. In addition, other factors may affect quantification of salivary tau, such as the types of tubes used for collection. In this study, we have included our methodology for quantifying tau, while minimizing degradation after collection. CSF tau has good reproducibility within a site, but there is some variability in measurements between centers [2, 4] . It is possible that a similar phenomenon would be seen with salivary tau.
FTD subjects in our study were found to have higher p-tau/t-tau levels than NEC subjects, although there was still considerable variation (Figs. 3 and 4) . Not all FTDs are tauopathies, which may have contributed to variability. Interestingly, there was less variation in the FTD group than that in the AD group. Although this test would not be ideal for differentiating AD and FTD, the use of different isoform-specific antibodies could create for a more specific test to distinguish between these subjects. Even CSF tau may have limited value for discriminating FTD from AD or healthy aging due to pathological heterogeneity of FTD's many subtypes [33] . Further work should look at specific subtypes of FTD and abnormal salivary tau.
As presented in the introduction, brain tau pathology is correlated with decreased hippocampal and medial temporal volumes [35, 36] as well as decreased episodic memory [37] [38] [39] . We therefore expected salivary tau to correlate with these in a similar fashion. Although we found a decrease in hippocampal volume in AD subjects and there was a trend in the correct direction (decreased volume should correlate with increased salivary p-tau/t-tau), the correlation was not significant (Table 3) . Salivary p-tau/ t-tau did not correlate significantly with logical memory 2, clock drawing test, or MoCA scores at either S396 or S404. Athena diagnostics, where CSF samples were analyzed, uses phosphorylation at T181 as the exclusive site for measuring p-tau/t-tau, and so we used this same site of salivary tau to look for a correlation [34] . No significant correlation was found between CSF p-tau/t-tau and salivary p-tau/t-tau (Table 3 ). At present, we have no good explanation for the lack of these expected correlations. Again, unexplained variability in secretion of p-tau from salivary glands may simply have obscured these physiological correlations.
Biomarkers for AD in peripheral tissues have been studied previously, with literature support for significant biological changes appearing in nonneural tissues like fibroblasts, blood, and buccal cells [42] . For example, tau was found to be elevated in buccal cells of AD subjects [42] . Further research into tau and its presence and phosphorylation in salivary glands is required. Shi et al. [6] identified several possible explanations for the mechanism by which tau gets into saliva. Because the salivary glands are near the central nervous system, one idea is that tau is released from nerves that innervate the salivary glands [6] . Another suggestion is that tau is expressed and secreted by acinar epithelial cells of the salivary glands [6] , supported by the fact that tau mRNA has been found in salivary glands [41] . Further work is needed to establish the mechanism for which tau and p-tau end up in saliva. 
